Introduction {#Sec1}
============

*Hypericum perforatum* L. (St. John's-wort; Hypericaceae) is a common perennial plant with a reputed medicinal value. This species is included in the European Pharmacopoeia ([@CR11]) and American Herbal Pharmacopoeia ([@CR3]) as well as many other pharmaceutical monographs (Barnes et al. [@CR4]). The aerial parts of *H. perforatum* contain anthraquinone derivatives (hypericin and pseudohypericin), flavonoids, prenylated phloroglucinols (hyperforin), tannins, phenolic acids, and volatile oil as major constituents (Barnes et al. [@CR4]). *H. perforatum* is held to possess sedative and astringent properties. It has been utilized for excitability, neuralgia, anxiety and depression and as a nerve tonic. St. John's-wort has a long history of traditional use in topical preparations for wound healing. *H. perforatum* is presently utilized extensively in homeopathic as well as in herbal products (Barnes et al. [@CR4]; van Wyk and Wink [@CR46]). At one time, the plant was collected only in the wild; however, due to the demand for high plant material quality for use in the herbal industry, as well as the need to standardize medicinal plant raw materials for pharmaceutical purposes, the species has been cultivated by introducing it into agriculture (van Wyk and Wink [@CR46]).

To meet the increasing demand for plants utilized in the herbal industry, the emphasis in recent research has been on the development of new techniques to improve the yield and quality of plant material. One of the techniques for enhancing the biomass and standard of medicinal plants is the application of arbuscular mycorrhizal fungi (AMF) during their cultivation. AMF have been found to stimulate growth and improve pathogen, heavy metal, and salinity resistance, as well as to influence the level of secondary metabolites in plants (reviewed in Smith and Read [@CR37]). Therefore, the practical use of these symbiotic soil microorganisms is proposed for agricultural (Hamel [@CR19]; Feldmann et al. [@CR12]; Gianinazzi et al. [@CR17]), endangered (Gemma et al. [@CR16]; Zubek et al. [@CR51], [@CR52]; Bothe et al. [@CR6]), and medicinal plant species (Kapoor et al. [@CR23], [@CR24], [@CR25]; Copetta et al. [@CR8]; Khaosaad et al. [@CR26]; Toussaint [@CR40]; Toussaint et al. [@CR41]; Zubek and Błaszkowski [@CR50]; Ceccarelli et al. [@CR7]; Zubek et al. [@CR53], [@CR54]).

Although the chemical composition and pharmacological activities of *H. perforatum* have been well studied (Barnes et al. [@CR4]; van Wyk and Wink [@CR46]), and earlier observations indicate that *H. perforatum* is colonized by AMF (Wang and Qiu [@CR49]; Zubek and Błaszkowski [@CR50]), no data are available on the influence of AMF on this important medicinal plant species. The aim of our present laboratory experiment was therefore to test three AMF inocula on *H. perforatum* grown in sterile soil in order to show whether inoculation could influence plant vitality and the production of the most valuable secondary metabolites, namely anthraquinone derivatives (hypericin and pseudohypericin), as well as the prenylated phloroglucinol---hyperforin. The effects of AMF inoculation on *H. perforatum* were evaluated by physiological and phytochemical methods, namely by shoot mass, mycorrhizal colonization assessment, and HPLC measurements of the aforementioned secondary metabolite contents, as well as by biophysical methods, known as the JIP-test. This test translates the polyphasic chlorophyll *a* fluorescence transient OJIP exhibited by plants upon illumination into the biophysical parameters of the photosynthetic machinery, evaluating plants' vitality. It has been successfully utilized for the evaluation of the role of AMF inoculation on plants, including those of medicinal importance (Tsimilli-Michael et al. [@CR45]; Pinior et al. [@CR33]; Biró et al. [@CR5]; Strasser et al. [@CR39]; Tsimilli-Michael and Strasser [@CR44]; Zubek et al. [@CR52]; Jurkiewicz et al. [@CR22]; Zubek et al. [@CR53]).

Materials and methods {#Sec2}
=====================

AMF inocula {#Sec3}
-----------

The inocula applied in the experiment were: (1) *Rhizophagus intraradices* (syn. *Glomus intraradices* N.C. Schenck & G.S. Smith) C. Walker & A. Schüßler (BEG140), (2) *Funneliformis mosseae* (syn. *Glomus mosseae* T.H. Nicolson & Gerd.) C. Walker & A. Schüßler (BEG12), and (3) an AMF Mix inoculum which contained the following isolates: *Funneliformis constrictum* (syn. *Glomus constrictum* Trappe) C. Walker & A. Schüßler (262-5 C. Walker), *Funneliformis geosporum* (syn. *Glomus geosporum* T.H. Nicolson & Gerd.) C. Walker & A. Schüßler (UNIJAG.PL.12-2), *F. mosseae* (BEG12), and *R. intraradices* (BEG 140). The fungal species names are after Schüßler and Walker ([@CR36]). The fungi were multiplied on a sterile substratum of sand: expanded volcanic clay, and rock phosphate---3:1, *v*/*v*; 50 g L^−1^, using *Plantago lanceolata* L. as the host plant. Dried inocula containing *P. lanceolata* roots colonized to over than 80% of the root length with no other fungal endophytes present, extraradical mycelium, and spores were used in the experiment.

Plant material {#Sec4}
--------------

The seeds of *H. perforatum* L. var. Topaz were obtained from the Institute of Natural Fibres and Medicinal Plants, Poznań. They were germinated on wet filter paper in Petri dishes at room temperature and daylight.

Experiment set-up {#Sec5}
-----------------

One-week-old *H. perforatum* seedlings were transferred into 1-L pots. There were two pots for each treatment, with seven individual plants per pot. Each pot contained 900 ml of substratum, i.e. sterile commercially available soil which was expanded using volcanic clay (5:1, *v*/*v*; respectively). The soil was sterilized twice at 90°C for 1 h at 24-h intervals, and it was then sprayed with distilled water for 2 weeks before using in the experiment. The chemical properties of the soil were pH 5.9, N 1.6%, C 39.9%, P 1,506.7 mg kg^−1^, K 663.3 mg kg^−1^, and Ca 2,436.7 mg kg^−1^. The following treatments were prepared: (1) control---sterile soil without AMF inoculation, (2) *R. intraradices* BEG140, (3) *F. mosseae* BEG12, and (4) the AMF Mix. Dried inocula were mixed with the soil, using 30 g per pot. The pots were kept under greenhouse conditions at 22 ± 2°C and the following light regime: 100--110 μmol PAR photons × m^−2^ × s^−1^. The pots were kept in sealed Sigma-Aldrich Sunbags for the first month, after which the bags were opened. The cultures were watered one time per week.

After 4 months of *H. perforatum* growth, chlorophyll (Chl) *a* fluorescence measurements were conducted, and the plants were then harvested. The roots were stained to visualize AMF mycelium for the mycorrhizal colonization assessment, and the shoots were dried at room temperature and used for the evaluation of plant biomass and secondary metabolite contents. The shoots were weighed using a Radwag WPA 60/c/1 electronic analytical balance with the precision of 0.0001 g. The aforementioned analyses and assessments were performed on each of the individual plants---in total, 14 per treatment. Additional data were obtained in the case of Chl *a* fluorescence measurement (see below).

Evaluation of the plants' vitality {#Sec6}
----------------------------------

### Measurement of Chl *a* fluorescence transient OJIP {#Sec7}

Chl *a* fluorescence transients OJIP were measured with a HandyPEA-fluorimeter (Hansatech Instruments Ltd., King's Lynn Norfolk, PE30 4NE, UK). The transients were induced by a red light (peak at 650 nm) of 3,000 μmol photons m^−2^ s^−1^ provided by an array of three light-emitting diodes and recorded for 1 s with 12 bit resolution. The data acquisition was conducted every 10 μs, in the interval from 10 μs to 0.3 ms, every 0.1 ms (0.3--3 ms), every 1 ms (3--30 ms), every 10 ms (30--300 ms) and every 100 ms (300 ms to 1 s). The measurements were conducted on fully expanded leaves, still attached to the plants, which were dark-adapted for 30 min prior to measuring. Measurements were performed on one leaf of each individual plant. Where it was possible, i.e. when the leaves were at the same developmental stage, additional measurement on a single plant was performed, giving a total of 20 replicates for each treatment.

### The JIP-test {#Sec8}

For each treatment, the average OJIP fluorescence transient was analysed according to the JIP-test (Strasser et al. [@CR38]), using the "Biolyzer" software produced by the Laboratory of Bioenergetics at the University of Geneva, Switzerland. The parameter chosen for presentation was the performance index (PI~total~), which evaluates the overall photosynthetic performance; for the analytical description, see Tsimilli-Michael and Strasser ([@CR44]). PI represents an index combining functional and structural criteria of the photosystem (PS) II functioning and is based on several independent parameters used to characterize the responses of PSII to diverse environmental factors (Tsimilli-Michael and Strasser [@CR44]).

Determination of AMF colonization {#Sec9}
---------------------------------

The roots were stained in accordance with the Phillips and Hayman ([@CR31]) protocol, with minor modifications as incorporated by Zubek et al. ([@CR53]). After staining, the roots were cut into ca. 1-cm fragments, then mounted on slides in glycerol:lactic acid (4:1, *v*:*v*), and analysed using a Nikon Eclipse 80i light microscope with Nomarski interference contrast optics. The mycorrhizal colonization assessment was carried out in line with the Trouvelot method (Trouvelot et al. [@CR43]). The parameters analysed were mycorrhizal frequency (F), relative mycorrhizal root length (M), and relative arbuscular richness (A).

Estimation of secondary metabolite contents {#Sec10}
-------------------------------------------

The dried shoots were stored in the dark at room temperature until required for analysis. The sample preparation and quantification of anthraquinone derivatives and the prenylated phloroglucinol---hyperforin---were carried out using high-performance liquid chromatography---HPLC FLD and HPLC DAD techniques for hypericin and pseudohypericin and for hyperforin, respectively (de los Reyes and Koda [@CR9]). The identification of the compounds under analysis was based on the comparison of their retention times and spectral parameters with hypericin, pseudohypericin and hyperforin standards obtained from PhytoLab GmbH & Co. KG.

Statistical analysis {#Sec11}
--------------------

The data obtained from mycorrhizal colonization assessments were analysed by means of the nonparametric Kruskal--Wallis test (*p* \< 0.05). The analysis of biomass, secondary metabolite contents and photosynthetic performance index values were conducted using a one-way analysis of variance. The significance of differences between treatments was tested following Tukey (*p* \< 0.05). The analyses were carried out using Statsoft's STATISTICA version 9.

Results {#Sec12}
=======

AMF colonization {#Sec13}
----------------

The roots of the plants from all AMF treatments were colonized by AMF mycelium with arbuscules. Other root endophytes were not detected in the material under investigation. The roots of *H. perforatum* from the control treatments were devoid of fungi. In the case of mycorrhizal frequency (F), no statistically significant differences were found between the treatments. The application of *R. intraradices* inoculum resulted in the highest mean mycorrhizal colonization rate (M) and arbuscule richness (A). The lowest values of mycorrhizal parameters (M, A) were detected after the AMF Mix application. Statistically significant differences were only found between these two extreme mean values (Fig. [1](#Fig1){ref-type="fig"}). Fig. 1Mycorrhizal colonization (percentages; mean ± SD) of *H. perforatum* roots; AMF treatments: *R.intra. R. intraradices* (BEG140), *F.moss. F. mosseae* (BEG12), *Mix* inoculum containing *F. constrictum* (262-5 C. Walker), *F. geosporum* (UNIJAG.PL.12-2), *F. mosseae* (BEG12), and *R. intraradices* (BEG 140); mycorrhizal parameters: *F* mycorrhizal frequency, *M* relative mycorrhizal root length, *A* relative arbuscular richness. The *different letters above the bars* indicate statistically significant differences (*p* \< 0.05)

Shoot mass {#Sec14}
----------

There were no statistically significant differences in *H. perforatum* shoot mass in any of the treatments (Fig. [2](#Fig2){ref-type="fig"}). Only a slight tendency towards higher biomass production was observed after the AMF inoculation in comparison to the control treatment. Fig. 2*H. perforatum* shoot dry mass (grams; mean ± SD) of the control and AMF treatments presented in Fig. [1](#Fig1){ref-type="fig"}; no statistically significant differences were found between treatments (*p* \> 0.05)

Photosynthetic performance index {#Sec15}
--------------------------------

The application of *R. intraradices* and *F. mosseae* had no significant impact on the photosynthetic performance (expressed in PI~total~) of *H. perforatum* comparing to the control plants, whereas inoculation with the AMF Mix resulted in significantly higher PI~total~ values in comparison to all the other treatments (Fig. [3](#Fig3){ref-type="fig"}). Fig. 3The performance index (PI; mean ± SD) of *H. perforatum* for the treatments presented in Fig. [2](#Fig2){ref-type="fig"}. The *different letters above the bars* indicate statistically significant differences (*p* \< 0.05)

Anthraquinone derivative and hyperforin shoot contents {#Sec16}
------------------------------------------------------

The plants inoculated with *R. intraradices* and the AMF Mix were characterized by a higher concentration of the two studied anthraquinone derivatives in the shoots in comparison to the control plants. However, no differences were detected in hypericin and pseudohypericin concentrations after the application of *F. mosseae* (Fig. [4](#Fig4){ref-type="fig"}). In the case of hyperforin, no statistically significant differences were found between the control plants and those inoculated with any of the AMF applied (Fig. [5](#Fig5){ref-type="fig"}). Fig. 4Anthraquinone derivative concentrations: hypericin (**a**) and pseudohypericin (**b**) (percentages of dry weight; mean ± SD) in the *H. perforatum* aerial parts from the treatments presented in Fig. [2](#Fig2){ref-type="fig"}. The *different letters above the bars* indicate statistically significant differences (*p* \< 0.05)Fig. 5Hyperforin concentrations (percentages of dry weight; mean ± SD) in the *H. perforatum* aerial parts from the treatments presented in Fig. [2](#Fig2){ref-type="fig"}; no statistically significant differences were found between treatments (*p* \> 0.05)

Discussion {#Sec17}
==========

Mycorrhizal colonization may induce quantitative and/or qualitative changes in plant secondary metabolite contents such as alkaloids (Abu-Zeyad et al. [@CR1]; Rojas-Andrade et al. [@CR34]); terpenoids (Maier et al. [@CR28], [@CR29]; Fester et al. [@CR14]; Akiyama and Hayashi [@CR2]; Kapoor et al. [@CR23], [@CR24], [@CR25]; Copetta et al. [@CR8]; Jurkiewicz et al. [@CR22]), including carotenoids (Fester et al. [@CR15]) and thymol derivatives (Zubek et al. [@CR53]); glucosinolates (Vierheilig et al. [@CR47]); phenolic compounds such as flavonoids (Morandi et al. [@CR30]; Larose et al. [@CR27]) and phenolic acids (Toussaint et al. [@CR41], [@CR42]; Ceccarelli et al. [@CR7]; Jurkiewicz et al. [@CR22]). The mechanism of AMF-induced alterations in the phytochemical concentration in roots and/or shoots can be multidirectional (Toussaint [@CR40]). Firstly, the modification of compound concentrations such as flavonoids and alkaloids in roots may be the consequence of signalling mechanisms between the host plant and fungi (Larose et al. [@CR27]; Rojas-Andrade et al. [@CR34]). Secondly, the alterations in the secondary metabolite balance can also result from plant response to AMF colonization. In general, the production of phenolic compounds and terpenoids, the components of essential oils, is considered as a defensive response to fungal colonization/infection. Given the fungicide properties of several constituents of essential oils, and the increased production of these metabolites in mycorrhizal plants, it has been suggested that they could be synthesized as a defensive response to AMF presence (Copetta et al. [@CR8]). Thirdly, the enhanced synthesis of secondary metabolites in mycorrhizal plants, namely terpenoids and phenolic acids, may reside in better phosphorus and/or nitrogen nutrition owing to AMF (Kapoor et al. [@CR23], [@CR24]; Toussaint et al. [@CR41]). Finally, an association between the alterations in secondary metabolite contents, namely terpenoids, and the changes in phytohormone levels in plants induced by AMF has been posited (Copetta et al. [@CR8]; Kapoor et al. [@CR25]; Toussaint [@CR40]; Toussaint et al. [@CR41]).

In the present study, we report, to the best of our knowledge for the first time, the AMF influence on the content of anthraquinone derivatives and hyperforin in plants. The enhanced hypericin and pseudohypericin shoot concentrations of the *R. intraradices* and AMF Mix treatments, as well as the parallel stimulation of *H. perforatum* photosynthetic performance after the AMF Mix inoculation, may suggest positive plant response to the inocula applied. This could be the result of improved plant phosphorus and/or nitrogen nutrition due to symbiosis. A similar tendency was found in the studies conducted by Zubek et al. ([@CR53]) concerning the response of *Inula ensifolia* L. to AMF. An increase in the quantity of thymol derivatives in roots was found after *Rhizophagus clarus* (*Glomus clarum*) inoculation, and at the same time, good plant vitality indicated by the high values of photosynthetic performance index was observed. Moreover, the decreased production of these metabolites and the lowest PI were observed in *R. intraradices* (*G. intraradices*) treatments (Zubek et al. [@CR53]). In addition, a second possible interpretation of our results could be that the AMF applied influenced phytohormone contents differently, and changes thus occurred in the physiology of *H. perforatum*. However, in order to fully support both of the mechanisms posited here, further studies are planned involving the parallel analysis of AMF influence on anthraquinone derivatives, phytohormones, and P and N contents in both the roots and shoots of *H. perforatum*. In this investigation, our focus was on the therapeutic compound contents in the aerial parts, which is important for the medicinal value of *H. perforatum* and the possible future application of AMF in the cultivation of this species for pharmaceutical purposes.

In our experiment, commercially available soil with a relatively high phosphorus content was used. This could have decreased mycorrhizal colonization levels, and as a consequence, the effects of AMF on the plants might have been less pronounced. High soil P content usually results in low AMF colonization (Smith and Read [@CR37]). For instance, Duan et al. ([@CR10]) found low colonization levels in maize, soybean, and wheat grown on fertilized soils. However, high levels of colonization in soils high in P and the apparent insensitivity of AMF colonization to increased P content have also been reported (Vosátka [@CR48]; Ryan and Ash [@CR35]). Furthermore, the plants were grown in a soil relatively high in P, and these conditions might have led to a reduction in the role of AMF in enhancing P acquisition. In view of this fact, the aforementioned mechanism whereby AMF influence the secondary metabolism of *H. perforatum* by improving plant nutritional status seems to be less possible.

The inoculation of *H. perforatum* with *R. intraradices* and the AMF Mix enhanced the concentration of anthraquinone derivatives, with no differences being noted in the *F. mosseae* treatment. This is in accordance with recent investigations which have revealed that various fungal strains induced different changes in the production of several groups of secondary metabolites in the same plant species (Kapoor et al. [@CR23], [@CR24]; Copetta et al. [@CR8]; Khaosaad et al. [@CR26]; Kapoor et al. [@CR25]; Toussaint et al. [@CR41]; Ceccarelli et al. [@CR7]; Jurkiewicz et al. [@CR22]; Zubek et al. [@CR53]). For example, Jurkiewicz et al. ([@CR22]) found that total phenolic acid accumulation was enhanced in the roots and leaves of *Arnica montana* L. after application of AMF isolates originating from one of the plant's natural stands with no significant influence of other inoculants. Similarly, Ceccarelli et al. ([@CR7]) proved that *R. intraradices* was more effective in the stimulation of total phenolic content in the leaves of *Cynara cardunculus* L. var. *scolymus* than in those of *F. mosseae* (*G. mosseae*).

In our studies, the lowest mycorrhizal colonization rates of *H. perforatum* roots were observed after the application of the AMF Mix. At the same time, the enhanced content of anthraquinone derivatives in shoots and the highest photosynthetic performance index values were found in the case of plants inoculated with the AMF Mix. As earlier studies have shown, the extent of mycorrhizal colonization is not necessarily correlated with the effects of AMF on plants (Kapoor et al. [@CR23]; Toussaint et al. [@CR41]; Smith and Read [@CR37]). Experimental and field data acquired by Feldmann et al. ([@CR13]) showed that AMF symbiosis was the most effective when root colonization ranged between 20% and 30%. In the studies conducted by Toussaint et al. ([@CR41]), even a relatively low level of colonization by *F. mosseae* had a considerable effect on *Ocimum basilicum* physiology, with increased caffeic acid content in shoots. However, a positive correlation was found between fungal colonization rate and the content of castanospermine, an alkaloid of the indolizidine type, in *Castanospermum australe* seeds (Abu-Zeyad et al. [@CR1]).

The enhanced *H. perforatum* performance and the improved production of anthraquinone derivatives after the AMF Mix inoculation in comparison to the single AMF treatments could result from AMF species complementarity. Direct evidence for such a mechanism among AMF species was provided by Jansa et al. ([@CR21]). The authors found that leek colonized by a mixture of *Claroideoglomus claroideum* (*Glomus claroideum*) and *R. intraradices* acquired more phosphorus than with either of the two AMF separately. However, Janoušková et al. ([@CR20]) found that inoculation with a mixture of *C. claroideum* and *R. intraradices* brought no additional benefit to the host plants under study in comparison to single treatments. In addition, the plant growth depression observed after inoculation with *C. claroideum* persisted in the AMF Mix treatment. In our experimental approach, the better stimulation of *H. perforatum* performance in the case of the AMF Mix application could result not only from the potential complementarity of *F. mosseae* and *R. intraradices* but also from the additional presence of *F. constrictum* and/or *F*. *geosporum* in this treatment. The presence of these two strains and their symbiotic potential might have reinforced the positive response of the plant to inoculation. Furthermore, both plants and fungal strains can differ in their responsiveness and in the input of nutrients that influence the final effect of the symbiosis. For instance, in the studies conducted by Grace et al. ([@CR18]), *F. geosporum* (*G. geosporum*) has been shown to be a much less effective root colonizer and P contributor to the plant symbiont than *R. intraradices*. The presence of such a fungus could result in the reinforced production of the secondary metabolites that maintain the fungal colonization at the low level, while simultaneously allowing the increased performance of *H. perforatum* that might be due to the presence of *R. intraradices*. The evidence that plants colonized by AMF regulate further colonization by AMF through altered secondary metabolite production, namely root exudates, was provided by Pinior et al. ([@CR32]). The interactions between different AMF species and host plants are little understood at present, but the data available to date seem to support the view that the manipulation of rhizosphere communities may be of importance in developing more sustainable agriculture and more effective production of medicinal plant materials.

The inoculation of *H. perforatum* with Mix inoculum seems to be the best solution for improving both plant performance and the quality of medicinal plant raw material obtained from cultivation for pharmaceutical purposes. However, large-scale field experiments are required in order to support our laboratory investigations before an attempt can be made to utilize AMF in *H. perforatum* agricultural systems. Nevertheless, there is a need for the cultivation process to be carried out in accordance with the ecological approach, i.e. with low chemical inputs, such as fertilizers and pesticides, in order to both produce medicinal plant raw materials devoid of contaminants and avoid soil pollution. Therefore, the exploitation and possible application of soil microorganisms such as AMF could greatly benefit the herbal industry (Copetta et al. [@CR8]; Toussaint [@CR40]; Zubek and Błaszkowski [@CR50]; Ceccarelli et al. [@CR7]; Zubek et al. [@CR53], [@CR54]).
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